We theoretically analyzed the formation energy and solvation free energy of Pt(II) and Pt(IV) complexes with three types of ligands (H 2 O, OH − , and CF 3 SO 3 − ) in electrolyte environment under the low-and high-humidity conditions to study the Pt electrocatalyst degradation and dissolution mechanisms for polymer electrolyte fuel cell. To represent the low-and high-humidity conditions in perfluorosulfonic acid (PFSA) polymer electrolyte membrane, we controlled the dielectric constant based on the experimental result. We observed general tendencies that the formation energy becomes larger while the solvation free energy becomes smaller under the low-humidity condition. The degradation of Pt complex from Pt surface is indicated to be accelerated by the adsorption of the end group of PFSA polymer side chain, on the Pt surface by comparing the desorption energies of [Pt(H 2 2+ is not formed by the proton addition reaction between Pt complexes under the low-humidity condition of PFSA environment. From the analysis of possible reaction pathways of Pt complexes, we found the influence of humidity on the reactivity of Pt complex.
Introduction
Polymer electrolyte fuel cell (PEFC) has attracted much interest as a promising power source for automobiles and cogeneration systems because of its high-energy conversion efficiency with environmental benefits. For the practical long-term operation of PEFC, the durability of the membrane electrode assemble (MEA) is one of the main issues. PEFC catalysts in MEA typically consist of Pt nanoparticles with 2-3 nm diameter, which are dispersed on the surface of primary carbon particles of 20-50 nm. The degradation of Pt electrocatalyst is particularly significant for the overall performance of MEA although the Pt-based alloys are usually utilized as electrocatalyst due to the electrochemical stability over a wide potential region in various fields. Iterative Pt dissolution and reprecipitation processes lead to the growth of Pt particles called Ostwald ripening, causing the degradation of the electrocatalytic activity.
Many studies have reported the loss of electrochemical surface area by the Pt dissolution and reprecipitation phenomena during the operation [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . It is found that Pt dissolution depends on the voltage, acidity, and temperature. For example, Wang et al. reported the increasing of dissolved Pt concentration by the high electrostatic potential [15] . For the detailed understandings, Mitsushima et al. analyzed the solubility and the dissolution mechanism of Pt in acidic media at different temperature and pH [10] . They found high solubility of Pt at high temperature. In addition, Umeda et al. found the Pt(OH) 4 formation for first step of Pt degradation in concentrated sulfuric acid by using rotating ringdisk electrode (RRDE) and electrochemical quartz crystal microbalance (EQCM) [8] . Based on these experimental studies, we have already analyzed the dissolved species in concentrated sulfuric acid as a first step to tackle the Pt dissolution and precipitation phenomena by using the density functional theory (DFT) calculation from an atomistic point of view [16] . We have found that the [Pt(H 2 O) 2 (OH) 4 ] and [Pt(OH) 4 ] 2− are important complexes for desorption from the Pt surface based on the desorption energy analysis. This 2 International Journal of Electrochemistry theoretical analysis explained well the experimental observations for concentrated sulfuric acid, however, the behavior of Pt complex in perfluorosulfonic acid (PFSA) polymer electrolyte membrane, such as Nafion, remains unclear. Recently, there are some experimental studies analyzing the Pt dissolution in the PFSA environment [17] [18] [19] [20] [21] [22] [23] . The adsorption of PFSA polymer on Pt surface was studied by using a voltammetric fingerprinting approach and infrared reflection absorption spectroscopy [20, 21] . They clearly found the direct adsorption of sulfonate anions, which is an end group of PFSA polymer side chain, onto the Pt surface. Yoshida et al. clarified that the side chain end group of Nafion is acting as a ligand of six-coordinate Pt(IV) complex by using extended X-ray absorption fine structure (EXAFS) [7, 13] . In addition, the dependence of the solubility of Pt complex in different PFSA polymer electrolyte was observed [19] . In addition, higher degradation under low humidity condition was observed [24] [25] [26] . The experimental results suggest that the interaction between Pt and PFSA polymer humidity are playing key roles in the degradation of Pt catalyst because the solubility of Pt complex becomes large with the existence of PFSA polymer electrolyte membrane. Those findings indicate that the stability and reactivity of Pt complexes under PFSA environment is different from our preceding results for the concentrated sulfuric acid [16] . One of the differences of concentrated sulfuric acid and PFSA environment is the dielectric property as well as the possible ligand, that is, sulfate anion.
In this study, we analyzed the Pt dissolution and precipitation phenomena under the low-and high-humidity PFSA conditions. We theoretically analyzed the solvation structures and thermodynamic stabilities of Pt complex in PFSA polymer assuming H 2 O, OH − , and CF 3 SO 3 − as ligands. We also analyzed the desorption energy of Pt complex from Pt surface. The reactivity of Pt complex is discussed by comparing the results obtained for the different dielectric constants.
Computational Details
All calculations were performed under the generalized gradient approximation with Becke-88 exchange and LeeYang-Parr correlation functionals (BLYP) as implemented in the DMol 3 package [27, 28] . Double numerical atomic basis sets augmented with polarization function (DNP) were used to describe the valence electrons, and the core electrons were represented by effective core potentials (ECP). Solvent effects were estimated using the conductor-like screening model (COSMO). Table 1 shows the various dielectric constants to represent the surrounding condition of Pt complexes. Because the experimental result of dielectric constant in PFSA at working temperature is unavailable, we used the dielectric constants of 5 and 20 reported for low-and highhumidity condition of Nafion membrane at 303.15 K [29] . Those values for bulk properties of Nafion membrane might be different from the local dielectric properties around Pt catalyst because of the water formation as results of cathodic reaction especially at high current density operation. We therefore set the dielectric constant of 61.0 for water at 353.15 [30] as one extreme. Full geometry optimization 353.15 [30] was performed for each system by using these dielectric constants. 
Results and Discussion

Analysis of Dissolved Pt Complexes in Various Dielectric
Constants. We first analyzed the formation energy (ΔE f ) and solvation free energy (ΔG solv ) of the four-and six-coordinate Pt(II) and Pt(IV) complexes as the dissolved species under various dielectric constant. The optimized structures of Pt(II) and Pt(IV) complexes (ε = 5.0) with three ligands (H 2 O, OH − , and CF 3 SO 3 − ) are shown in Figures 1 and 2 , respectively. Two coordination configurations of CF 3 SO 3 − is not considered in present calculation due to the low stability [34] . Four-and six-coordinate Pt(II) and Pt(IV) complexes were square and octahedral structures, respectively. Oxygen atoms are coordinating to Pt in all optimized structures. The ΔE f of Pt(II) and Pt(IV) complexes were evaluated by the following equations,
Here L stands for OH − or CF 3 SO 3 − . To evaluate the stability of Pt complex in water solution or PFSA polymer electrolyte membrane, the ΔG solv was calculated by following equation: The G(COSMO) and G(Gas) indicate the free energy for the solvated and gas phases of the optimized geometry, respectively. The ΔE f of Pt(II) complexes are summarized in (1) and (5)) show higher stability than that of singly charged complexes ( (2), (4), and (6)). The neutral Pt(II) complexes ((3), (7), and (8) 4 and −858.8 kJ/mol, respectively, at ε = 20.0. The ΔE f becomes larger, that is, the complex becomes unstable, when the dielectric constant becomes large. On the other hand, the ΔG solv becomes smaller indicating the larger solvation gain. This means that the humidity unstabilizes the complex while making its solvation favorable thermodynamically. We also analyzed the ΔE f and ΔG solv of Pt(II) and Pt(IV) complexes in water solution at 353.15 K setting ε = 61.0 to see the properties of extremely humidified electrocatalyst at local scale. The ΔE's of Pt complexes in water solution are larger than those in PFSA. On the contrary, the ΔG solv 's of Pt complex in water solution are smaller as observed in the comparison of results obtained for ε = 5.0 and 20.0. Considering that the dielectric constants of water at 298.15 and 353.15 are 78.5 and 61.0, respectively, the actual properties in PFSA environment under low-and high-humidity at 353.15 K can be estimated by extrapolating and interpolating the results obtained for dielectric constant at 303.15 K, that is, ε = 5.0 and 20.0, respectively. This means that the lower temperature has thermodynamically the effect on the Pt degradation similar to the higher humidity.
In case of six-coordinate Pt(IV) complexes ( 4 ] 2+ . We observed the dependencies of ΔE f and ΔG solv on dielectric constant similar to that observed for the Pt(II) complexes.
Desorption Energy of Pt Complex from Pt Surface.
We next focused on the desorption energy (ΔE des ) of Pt(II) and Pt(IV) complexes from the Pt surface to estimate the initial dissolved species. We used a simple Pt 4 cluster as a Pt surface model to estimate the ΔE des of Pt(II) and Pt(IV) complexes from Pt surface. Although the Pt 4 cluster is small to represent the Pt surface, the useful results for Pt surface stability and reactivity are already reported by using Pt 4 cluster [35, 36] . We assumed the OH − and CF 3 SO 3 − adsorption on the Pt surface because these species are proposed as the adsorption molecules on the Pt surface.
Here, L stands for OH − or CF 3 SO 3 − . Tables 4 and 5 summarize the ΔE des of Pt(II) and Pt(IV) complexes from the Pt surface model. The ΔE des of Pt(II) and Pt(IV) complexes were evaluated by the following equations
The 4 ] 2− at ε = 5.0 is small in comparison with high humidity (ε = 20.0) and water (ε = 61.0) environments. Also we note that higher temperature corresponds to lower dielectric constant. We thus conclude 4 ]. This result indicates that the desorption of Pt complex from Pt surface will be accelerated by the adsorption of end group of PFSA polymer side chain on the Pt surface, which is in agreement with the experimental observation [19] . 3 ] + complex would dissolve from Pt surface in PFSA environment under lowhumidity condition at high temperature during the PEFC operation.
Structural Changes in Various Dielectric Environments.
We then analyzed the geometrical parameters of selected 
Reduction reaction from Pt(IV) to Pt(II) complex
The reaction energies for (5), (6) , and (7) of Pt(II) and Pt(IV) complexes are listed in Tables 8 and 9 , respectively. 3 The product of proton addition reaction is different depending on the surrounding environment. We also found some negative proton addition reaction energy of Pt(IV) complexes including CF 3 
Conclusions
In this study, we calculated the ΔE f and ΔG solv of fourand six-coordinate Pt(II) and Pt(IV) complexes with three types of ligands (H 2 O, OH − , and CF 3 SO 3 − ). To represent the low-and high-humidity condition in PFSA environment, we changed the dielectric constant and analyzed the stability and reactivity of Pt complexes. The stability of Pt complexes is changed by dielectric constant because the ΔE f and ΔG solv , respectively, become larger and smaller when the dielectric constant becomes large. We also analyzed the ΔE des of Pt complex from Pt surface. 3 (OH)] + are possible reprecipitation species. This result suggests that the surrounding dielectric environment will change the reaction pathways of the dissolved Pt complexes. We theoretically estimated the effect of surrounding condition in PFSA environment for the Pt dissolution and reprecipitation mechanisms in comparison with water solution.
